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Self-Propelled Janus Colloids in Shear Flow 
Bishwa Ranjan Si a, Preet Patel a and Rahul Mangal a* 
To fully harness the potential of artificial active colloids, investigation of their response to various external stimuli including 
external flow is of great interest. Therefore, in this study, we perform experiments on SiO2-Pt Janus particles suspended in an 
aqueous medium in a capillary subjected to different shear flow rates. Particles were propelled using varied H2O2 (fuel) 
concentrations. A transition of motion of active Janus particles from the usual random active motion to preferential motion across 
stream-lines and then finally to migration along the flow, was observed. Our analysis revealed that these transitions were dictated 
by the torque due to the self-propulsion near wall w.r.t. shear-induced torque. Interestingly, we found that only when these 
torques are comparable, particles align in a manner such that they migrate across streamlines.  
Introduction 
Transport of colloidal particles (1 nm - 1000 nm) is 
an underlying process of many technologies such 
as paints, separation processes, drug delivery etc. 
Equilibrium thermal fluctuation induced random 
Brownian motion offers poor control over colloidal 
dynamics in terms of the desired speed and 
directionality. Application of external fields, such 
as electrical or magnetic fields, has been 
successfully utilized for gaining some control over 
the transport of colloids.1 The disadvantage, 
however, is that application of external field results 
in collective convective motion of particles and 
moreover, poses the hazard of affecting the 
surroundings unpredictably. Inspired from both 
microscopic biological systems such as bacteria 
and unicellular protozoa which use their flagella or 
cilia for active swimming, 2,3 as well as macroscopic 
phenomena such as flocking of birds and moving 
school of fish,4–6 recently it has been realized that 
by choosing appropriate chemistry, synthetic 
colloidal particles ( 1-1000 nm) can also harness 
the energy from the environment. Under 
appropriate conditions, local gradients/fields are 
created at the individual particle level, resulting in 
net forces which propel these colloids, 
individually, out of their equilibrium. Such 
particles are hence known as self-propelled or 
active particles. Typically, Janus particles (JPs)7,8 
are widely used for active propulsion due to their 
in-built asymmetry generating chemical potential. 
The term “Janus” was coined from the Roman God 
Janus, with two heads placed back to back, one 
looking to the future and other to the past. The 
context here being JPs have asymmetric faces with 
completely different properties, i.e. one face is 
reactive while other is non-reactive. The most 
commonly used mechanism to achieve active 
propulsion is where JPs with one half being a 
dielectric material such as SiO2, TiO2 or 
Polystyrene and the other half coated with either 
metal Platinum or Palladium, are introduced into 
H2O2 solution.9–11 The catalytic nature of the metal 
site promotes the decomposition of H2O2, and the 
resulting concentration gradient of O2 molecules 
leads to self-diffusiophoresis12,13 of the particle, the 
mechanistic details however continue to be a 
subject of discussion.14 Other potential 
mechanisms for self-propulsion include laser-
induced self-diffusiophoresis in a phase separating 
mixture,15 and self-thermophoresis.16 Unlike 
passive colloids which undergo random Brownian 
motion, active colloids feature various novel 
transport and self-assembly behaviours. 
Researchers believe these unique features of 
synthetic active colloids, apart from being 
fundamentally exciting, can potentially be used in 
a multitude of applications including drug 
delivery, macromolecule separations and colloidal 
self-assembly. 17–19 
For most of the sought-after applications the 
surrounding media of the active particles is 
generally a complex fluid that contains particulates 
and/or biopolymers with external flow induced 
disturbance generating a local shear environment. 
However, so far, the motion of synthetic active 
particles, has been experimentally investigated 
mostly in the bulk 9,10,16,17,20,21 or interfaces22–24 of 
“quiescent” fluids with few studies focusing on the 
effect of physical obstacles.25–28 Most of the work on 
understanding the active motion in shear flow 
focuses on living microorganisms.29,30 For synthetic 
active colloids, very few experimental or analytical 
works are present. In 2015 Palacci et al.31 reported 
positive rheotaxis in light activated haematite 
cubes embedded in a polymeric sphere. Similar 
rheotactic behaviour has also been studied for 
bimetallic rods.32,33 Using mesoscale simulations, 
Shalabh and Sunil34 recently predicted a 
combination of upstream and downstream 
rheotaxis for self-propelled filaments. In all these 
cases, the anisotropy in shape was found to be 
critical in governing the particle motion due to the 
“weather vane” mechanism. For symmetric 
spherical active particles combining analytical and 
numerical calculations, Uspal et al.35 suggested 
rheotactic behavior via a mechanism involving 
‘‘self-trapping’’ near the hard wall. Very recently, 
Katuri et al.36 conducted experiments using a 
couple of combinations of activity and shear flow 
rate to demonstrate that on subjecting the spherical 
active JPs to external flow they drift perpendicular 
to the flow in contradiction to previous simulation 
predictions.  
Considering both the scarcity of relevant studies 
and the consensus among the existing ones, more 
studies are required to gain in-depth knowledge of 
the effect of shear flow on the motion of spherical 
active JPs near a planar boundary. Therefore, in 
this work we aim to perform detailed experiments 
to gain further insights. The study will explore this 
effect over a wide range of relative strength of 
activity with the external shear flow.  
Experimental 
Synthesis of Janus particles 
Janus particles were synthesized using the drop 
casting procedure reported by Love et al..37 Following 
the protocol, a monolayer of isotropic SiO2 ( 5 µm) 
colloidal particles was prepared by drop casting the 
dilute suspension of colloids (in Ultrapure water) on 
a clean oxygen-plasma treated glass slide. The 
plasma treatment makes glass slide hydrophilic, 
resulting in uniform spreading of the particle 
suspension. Water was subsequently removed by 
slow evaporation leading to the formation of a 
monolayer which was confirmed via optical 
microscopy. After the formation of monolayers, a 
thin layer of Pt (15-20 nm) was deposited from the 
top using plasma sputtering deposition in a sputter 
coater. Due to self-shadowing effects, one 
hemisphere of the particle gets coated by the 
Platinum metal, and thus JPs are obtained. The SEM 
micrograph, as shown in figure 1(b), confirms the 
metal coating. After sonication for few minutes JPs 
were dispersed into deionized water. 
Shear-flow set-up 
To investigate the active particle motion in flow, 
dilute suspension of JPs was introduced into a 
pirhana cleaned glass capillary (Vitrocom) of square 
cross section (1 mm x 1mm) connected to a 1 ml glass 
syringe mounted on a syringe pump (Chemyx 2000). 
Particle solution in the capillary was subjected to 
different volumetric flow rates (i.e. 0, 100, 200, 500, 
750, 900, 1000 µL hr-1), along the length of the 
capillary towards -X direction (see figure 1(a)).  
Results and Discussion 
Brownian motion 
To validate our experimental set-up, we first 
performed experiments to investigate the 2D 
Brownian motion of the JPs in the absence of both, the 
H2O2 and the external flow. In Figure 2(a), we show 
the tracked X-Y trajectories for a few particles. Mean 
square displacement MSD (X,Y) as a function of t, 
for one of the trajectories is shown in figure 2(b). 
Consistent with Brownian motion, MSD(X) and 
MSD(Y) vary linearly with t and absence of any 
anisotropy in MSD values confirmed the absence of 
any external convection. In-plane diffusivity values 
were computed from the slope of the MSD (X,Y) vs 
t resulting in D(X)  D(Y)  0.043  0.01 µm2s-1. It is 
Figure 1: (a) Bright-field micrograph of SiO2-Pt JPs (b) SEM micrograph of SiO2-Pt JP (c) Schematic of experimental setup. 
to be noted that the obtained values are smaller than 
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Figure 2: (a) X-Y trajectories of Brownian JPs (b) MSD vs time for a selected Brownian trajectory (c) Trajectories of active 
Janus particles (d) MSD of an active particle with 2 wt% H2O2. Inset shows the corresponding X-Y trajectory (e) Variation in 
propulsion speed v as a function of H2O2 wt %. Inset shows the rotational time scale (R) (f) Trajectories of inactive Janus 
particles in external flow (g) Variation in vshear of inactive JPs with flow rate. 
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the theoretically expected value of 0.09 µm2s-1 
obtained using Stokes-Einstein equation 
6
kTD
a
=
, where T = 298 K,  ( 0.0089 Pa-s) is the bulk 
viscosity of water and a ( 2.5 µm) is the particle size. 
A smaller value of the observed D is most likely 
because of the interaction of the JP with the bottom 
wall, which is consistent with the near wall hindrance 
theory.38 
 
Active motion in absence of flow 
Next, we analysed the active motion of JPs in the 
presence of H2O2 but in the absence of flow. Figure 
2(c) shows the obtained X-Y trajectories for different 
H2O2 concentrations. As expected, at higher H2O2 
concentrations, within the same time frame particles 
travel larger distances. From the trajectories we 
calculated the MSD (X,Y) vs t. In figure 2(d) we 
show the MSD for an active particle exposed to 2wt% 
H2O2. Parabolic nature of the trajectories confirms the 
activity of particles and lack of anisotropy in the MSD 
in the orthogonal directions confirm the absence of 
bulk convection. The motion of an active JP is 
subjected to change in direction which is controlled 
by its characteristic rotational time 1
38R
kT
a


− = . 
For short times i.e. t<<R, MSD (X,Y) motion is 
primarily ballistic and can be fitted using the 
following equation  
2 2 24 o activationL D t v t =  +   ………. (1) 
Here, L2 is the 2-D MSD (X,Y), Do is the Brownian 
diffusivity and vactivation is the propulsion speed of the 
particle. Figure 2(e) shows thus obtained values of 
vactivation, an increasing trend in vactivation with 
increasing H2O2 is both expected and in agreement 
with previous studies.10 Velocity autocorrelation was 
used to compute R using the following equation, 
supporting figure 1S: 
2 /
( ) 4 ( ) exp R
t
oC t D t
 −  =  +  …………… (2) 
Here, the first term captures the sharp decay in 
correlation at very short times caused by equilibrium 
Brownian fluctuations and the second term captures 
the long-time rotational time scale. As shown in the 
inset to figure 2(e), increasing H2O2 does not affect 
the R values significantly. Lack of any correlation 
between increase in translation speed/fuel and the 
rotational time in a stagnant Newtonian medium is 
in line with existing literature.10  
 
Inactive motion in flow 
We also analysed the trajectories of inactive Janus 
particles in an imposed shear flow (–X direction) at 
different volumetric flow rates. In figure 2(f), few 
representative trajectories at different flow rates have 
been shown. It is clear that, at low flow rates due to 
the significant contribution of Brownian fluctuations, 
the drift of Janus particles in Y direction in 
comparison to drift along -X direction, is not 
negligible. At higher flow rates, however, relative 
drift in Y direction decreases. Using the drift in -X 
direction, we calculated the -X velocity vshear of the 
Janus particles and observed an expected monotonic 
increasing trend for with increasing flow rates, figure 
2(g). For the highest flow rate, the Reynolds number 
at the particle length scale is  10-5, confirming that 
at the relevant length scales flow inertia is not 
important. 
 
Active motion in flow 
Finally, we analyzed the motion of JPs with different 
activities exposed to a range of different shear flow 
rates. In figure 3, we show a few representative X-Y 
trajectories of active JPs. Few of the captured videos 
are available in the supporting material. Based on 
simple inspection of the trajectories, we notice that at 
very low flow rates (100-200 L hr-1), JPs perform 
simple random active motion at long times and the 
trajectories are near isotropic in nature, confirming 
minimal effect of shear flow. At intermediate flows, 
we start to notice that the dynamics of active particles 
is noticeably affected by the shear flow and the 
trajectories start to become anisotropic in nature. 
Unexpectedly, most trajectories were elongated 
along Y, suggesting preferential migration of JPs 
perpendicular to the flow direction. At higher flow 
rates this tendency of particles to migrate across the 
flow decreases and trajectories become more 
elongated along X. However, their Y drift was found 
to be significantly larger than their inactive 
counterparts at the same flow rate. We also noticed 
that the tendency of particles to migrate along the 
flow direction was achieved at progressively higher 
flow rates with increasing activity. To understand 
these observations more carefully and to quantify the 
effect of flow on the trajectories of active JPs, we 
computed a non-dimensional parameter (
max
max
max
max
activity flow
flow
Y
X
Y
X

+
 
  
=
 
  
), which measures 
the anisotropy along Y, in the trajectory of active JPs 
in flow w.r.t. anisotropy in trajectories for the inactive 
JPs in flow.   1 indicates absence of any activity 
induced anisotropy in the trajectory in the presence 
of flow. On the other hand,  >> 1, suggests that 
activity coupled with flow induces preferential 
migration of JPs in Y direction. In figure 4, we plot 
the distribution of , for around 20 JPs, at different 
flow rates (vshear) with varying H2O2 wt%. Clearly, for 
all H2O2 concentrations, in lack of any activity 
induced anisotropy in the motion. 
With increasing flow-rate, we notice that both the 
range of  and the population of particles with 
higher  increases, suggesting that in flow due to 
active propulsion particles prefer to migrate along 
Y. At very high flow rates, distribution of  again 
starts to shrink back towards lower values, 
suggesting that lesser particles migrate along Y. 
Interestingly, we also note that the transition of  
back to lower values is achieved at progressively 
higher flow rates with increasing H2O2 
concentrations.  
This prompted us to investigate the variation in  
w.r.t. a non-dimensional number 
| |
| |
shear
activation
v
v
 = , which measures the strength 
of shear flow to the particles’ propulsion speed.  
From figure 4, it is evident that the variation in  
follows a universal trend w.r.t. . On the lower 
extreme i.e. at low  (< 0.5) where propulsion 
speed is much weaker compared to the imposed 
shear, particles’ movement appear to be nearly 
unaffected by the flow and hence   1. On the 
other extreme, for larger  (>5) where imposed 
shear flow is much stronger compared to 
particles’ propulsion speed, particles appear to be 
dragged along the flow, which again results in  
values close to 1. At moderate  (0.5-5), where 
both shear flow and propulsion speed are 
comparable, we observe maximum extent of 
migration across the flow.  
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Figure 3: Trajectories of active Janus particles in external shear flow. 
We also noticed, that at higher flow rates trajectories 
are nearly rectilinear, with very less in plane rotation, 
which is not the case at low to moderate flow rates 
where particles occasionally changed their in-plane 
direction of motion. To quantify this observation, as 
shown in supporting figure 2S using the velocity auto-
correlation function, we computed the rotational 
diffusion coefficient Dr of JPs at different . We notice 
that with increasing , the distribution of Dr shifts to 
lower values. For smaller , since the effect of imposed 
shear remains weak active JPs frequently change in-
plane orientation, an expected behavior.9,10 With 
increasing , the strong imposed shear flow forces the 
particles to rotate out of plane and does not allow it to 
change in-plane direction of motion hence Dr reduces.  
Since particle migration is a strong function of its 
orientation, therefore, to understand the underlying 
reason that can account for above mentioned 
observations, we focused on the orientation of the 
Janus boundary w.r.t. the flow direction (-X). Figure 
5(a) shows the schematic demonstrating the notation 
of normal to the Janus boundary (n), which is useful 
in the following discussion. In figure 5 (b-i), we show 
the representative trajectories at varying  with bright 
field micrographs of the JPs at intermittent intervals. 
Here, we intentionally show the trajectories with high 
values of , to highlight the role of orientation on their 
migration along Y. It is evident that at small  (=0.31), 
JP orients (n) randomly in different directions. At 
higher values of  (=0.4-5.86), where particles show 
significant cross migration i.e.  >1, it appears that 
JP’s n frequently orients nearly perpendicular to the 
flow direction especially in the regions where it moves 
along Y. At highest values of  (=12.12,13.16), where 
particles mainly migrate along the flow, JPs appear to 
adopt complimentary orientations at regular time 
intervals, indicative of out of plane rotation i.e. 
rolling, therefore, JPs are unable to migrate across the 
flow. To understand the influence of flow on the 
orientation of active Janus particles, we now draw our 
attention to the presence of a solid wall imposing a no-
slip boundary condition in the vicinity of the particle. 
As discussed earlier, in absence of flow, the interplay 
of propulsion force, gravity and hydrodynamic 
interactions with the wall generate a restoring torque 
which restricts the out of plane rotation of n forcing it 
to be parallel to the plane of motion.20,39 In supporting 
figure 3S we show the snapshot of actively moving JPs 
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Figure 4: Distribution of  at varying H2O2 wt % and varying flow rates. 
at 2 wt% which confirms that almost all the JPs are 
oriented with n along the X-Y plane. Ebbens et al.40 
suggested a phenomenological Hookean f orm for the 
angular velocity of rotation activityvactivity/a, 
associated to this restoring mechanism. It was also 
reported that this unique restoring phenomenon also 
known as the quenching effect is mainly due to the 
hydrodynamic interactions originating from the wall 
which results in symmetry breaking of the surface 
flow field. Since, at the particle level Re <<1, we can 
approximate the restoring torque |Lactivity|  
a3|activity|, where  is the bulk water viscosity. On 
the other hand, external flow imposes a local shear 
flow to the particle, which tries to rotate it about an 
axis parallel to the plane and perpendicular to the 
flow. The characteristic torque of rotation due to shear 
flow |Lshear|  a3|vshear/a|. When both activity and 
shear flow are present, the competition between the 
two torques will determine the final orientation of the 
active Janus particles. It is interesting to note here that 
the ratio of these two torques |Lshear |/|Lactivity| = 
|vshear|/|vactivity| which is same as  which we 
defined earlier. At small values of , 
|Lshear|<<|Lactivity| so the rotation of Janus boundary 
will be mainly dictated by the restoring torque due to 
activity and the particles’ out of plane rotation will be 
locked with n orienting parallel to the plane.  
Also, since |vshear|<<|vactvity|, n will not prefer any 
specific orientation w.r.t. the flow direction, rather 
rotate freely (shown earlier in figure 3S), therefore  
will be close to 1. This is also supported by the 
unbiased in-plane orientation of n as shown in figure 
5.  At high , torque due to shear will be more 
significant |Lshear | >> |Lact.| forcing the Janus 
particles to rotate out of plane and also since |vshear| 
>> |vactivity| particles will be forced to move along the 
flow. Complimentary orientations of JPs at =13.16, 
including occasional orientation with Pt side 
completely on top, further hints to the out of plane 
rotation. At moderate , |Lshear| |Lact.|, therefore JPs 
will tend to adopt an in plane orientation where they 
can minimize the competition between the torques 
and in this process n will prefer to mostly align along 
Y and hence particle will try to cross migrate. We see 
strong evidence of this from the orientations as shown 
in figure 5.  Previous report by Katuri et al.36 
demonstrated cross stream migration of active 
particles in flow for =2.3, 4, 4.67, which is consistent 
with our proposed criterion for significant cross 
migration to be noticed. 
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Figure 5: (a) Schematic of the orientation of Janus particle n in X-Y plane as viewed from above (b-i) Representative trajectories 
of active JPs with snap shots at different times. 
Conclusions 
Through carefully performed experiments, we 
build upon the previous studies of active motion 
near a boundary and discuss that complex 
interplay between the activity, hydrodynamic 
interactions with the wall and shear induced 
rotation dictates the direction of motion of active 
colloids. At low shear rates, since the shear 
induced torque remains weak in comparison to 
the activity induced restoring torque, particles’ 
normal to Janus plane orients parallel to the plane 
of motion and rotate freely allowing particles to 
perform random motion at long times. However, 
at high shear flow rates, due to enhanced strength 
of shear induced torque, particles rotate out-of-
plane and are forced to migrate with the flow. At 
intermediate conditions, when the external flow 
strength is comparable to particle’s active motion, 
particles preferentially favor the orientation with 
their Janus boundary normal perpendicular to 
flow and migrate across the stream lines. We 
further supported these conclusions through our 
measurements of the in-plane orientation of Janus 
boundary normal in flow. Although cross 
migration of spherical active Janus particles in 
flow has been reported previously, however, to 
the best of our knowledge, we for the first-time 
report and explain the continuous transition in 
their preferred direction of motion based on a 
non-dimensional number
.
| |
| |
shear
act
v
v
 = , which 
estimates the strength of shear flow to the activity.  
In the end, we would like to conclude that our 
investigation of the active motion of SiO2-Pt JPs in 
a simple Newtonian medium under shear flow 
near a planar wall unmasks fundamental insights 
in the area of active colloids especially in the 
context directing the transport and delivery of 
functional particles (e.g., active agent-loaded) in 
flow. This study also suggests a number of 
directions for future research. For example, it 
should be possible to gain further control over the 
active motion of JPs by tuning the orientation of 
JPs using an elastic media. In addition, it would 
be interesting to explore the effects of active 
particles on the dynamics of passive colloids in an 
external shear flow. 
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Supporting Information 
 
Figure Error! No text of specified style in document.1S: Velocity autocorrelation function C(t) vs del t for active 
particles without flow with (a) 0.5% H2O2 
(b) 1 % H2O2 (c) 2% H2O2 
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Figure Error! No text of specified style in document.2S: Distribution of rotational diffusivity Dr at varying . 
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Figure Error! No text of specified style in document.3S: Snapshot of active JPs at 2wt% H2O2 
